ABSTRACT
. The observation that exocytosis is triggered more effectively by agents that timulate 2+ influx than those that mobilize intracellular Ca2+, and discrepancies between the Ca2+ sensitivity of exocytotic responses and measured, spatially averaged Ca2+ changes during depolarization of chromaffin cells led to the suggestion t Vtially lolized Ca(2+ increases might be responsible for triggerig exocytosis Augstine and Neher, 1992) .
Models of Ca2+ entry, Ca2+ binding, and diffusion have pre- dicted that the opening ofCa2+ channels causes the formation of a ring-like Ca2" gradient reaching a concentration of tens or hundreds of micromolar just beneath the plasmalemma Herandez-Cruz, 1990, Nowycky and Pinter, 1993) . However, efforts to capture these Ca2+ signals in adrenal chromaffin cells using existing Ca2+ aging techniques with a resolution in the hundreds of milliseconds have deteced a much smaller (<1 .LM) Ca2`gradient around the cell periphery during prolonged (100 ms or longer) depolarizations Cheek et al., 1989; Neher and Augustine, 1992) . Limitations in i ng technology have prevented Ca2+ measurements at earlier times. Whether the measred Ca2+ gradients rpresent temporally lowpassed filtered remnants ofmuch larger (>100 JlM) gradients occmuing shordy after Ca2 channel openig remains unknown. It is important to understand the nature of the Ca2+ signal for exocytosis because the magnitude of the Ca2+ gra-Ca2+ ions and force generation occur shortly thereafter. Dur- ing an action potential, depolarization of the tansverse tubular system is thought to induce Ca2' release predominantly from the termial cistenae of the sarcoplasmic reticulum, a highly specialized reticular network that serves as the principal intracellular Ca2+ store (Winegrad, 1970; Somlyo et al., 1981) . This hypothesis was first suggested by the distnbution of Ca(2+ determined autoradiographically (Winegrad, 1970) and the distnrbution of the Ca2+ release channels (FranziniArmstrong, 1975) , and received strong support firom electron-probe microanalysis of ultrathin cryosections, which showed that there were large (60%) decreases in the total Ca2+ of the terminal cisernae after tetanic stimulation (Somlyo et al., 1981) . Modeling ofthis localized Ca2+ release by calclting the effects of Ca2+ binding proteins and diffusion predicts the formation of intrasarcomeric Ca2+ gradients that last 10-20 ms before equilibrating within the sarcomere (Cannell and Allen, 1984 Fig. 6 were Az = 2 pm, c = 0.49, a = 3, numeical perue = 13, and pixel sie = 62.5 mn The chr dmffin cell im in Figs. 3 and 4 wer filted to reduce the muse before culating the ratio: the fll parametes(Az = 2 pm, c =02, and a = 5) were set to remove the highs frequencies(.Le-, the mose) with minimal deburringcharace is(Le, the tdC2 concentatin were the same ater fitering as befor filtering) Similarnoise redctin could be obtined a3 X 3 spatial filter with all the elment set to unity. The hokdingpotels have notbeen crected forjuncti po ls, which means that, for the Cs+-gumate basd soib used here, the actual holding pei are 10-12 mV more negative (Neher, 1993 (Escobar et al, 1994) . Single skektal muscle fibers were disected from the ss muscle of the bullfrog Rana Short segments (2-3 mm) ofmuscle fibers were extended on thi coversLps which forned the bottom of a doubk vaseline gap chamber and strtched to sarcomere spacings of 3.8-4.0 jam The ends of the muscle fibers at the lateral pools were fixed to the bottom of the chamber with adhesive tape. A Teflon molding with three hoks and two small partitions was placed over the coverslip to separate three pools that were ekctically connected (by agar bridges) to an eleconic circuit for stimuatin of the muscle fiber in a FIGURE Ca+ gradients develop at discrete submembrane domains in adrenal chromaffin cell The figure also shows that a ction of a digital deblurring fiter, designed to remove out-of-focus light, causes a sharpeing of the CaY+ gradient.
and then 5 ms after the end of a 50-ms depolarization to +20 mV (stimulus). The coresonding taces of membrane current show that this depolarization protocol induced a noninactivating Ca2+ current, which had a voltage dependence similar to that previously demonstae (Fenwick et al., 1982; Artalejo et al., 1991) . The spike artifact in the current trace indicates when the laser was fired. Although an inacrease in fluorescence attnrbutable to a Ca2' increase can be seen in the raw images, the precise distnbution of the Ca2> change is obscured because of differences in light path length, indicotor concentation, and volume occupied by the indicator. Wben these differences are compensated for ratiometrically, by dividing the stimulus image by the control image, it can be clearly seen that the Ca>+ increase is spally resticted to a region just beneath the plasma membrane located at about 4 o'clock, and that the increase over the remainder of the cell is considerably smaller. From the fluorescence change, we can estimate a Ca`increase from 100 nM to 200 nM at the hot spot. However, the out-of-focus light that appears in fluorescence images causes attenuation of observed Ca2+ gradients (Monck et aL, 1992) . Fig. 2 in fluorescence integrated over the whole cell increased linearly with pulse duration and showed no non-linearities that might indicate intracellular Ca2" release. At the end of the depolarizing pulse the Ca" gradients collapsed over several hundred milliseconds, leaving a sptially uniform Ca2+ increase, as indicated by the images taken 200 and 400 ms after the beginning of the pulse (Fig. 4) (Escobar et al., 1994) . Depolarization under current clamp elicited an actin potential (Fig. 5 A) , during which the sarcomeric length was unchanged. An image taken without an action potential shows a low and featureless background fluorescence (Fig.   5 C, control) . No changes were observed during the frst 3 ms following onset ofthe action potential, consistent with the 3 ms triadic delay for the Ca" transient (Vergara and Delay, 1986 ), but at 3.5 ms a change in fluorescence with a banded pattern was observed (Fig. 5 C) . The bands became more pronounced at 5 nis, whereas at longer times (> 10 ms) the fluorescence became homogeneous (Fig. 5 C) . The spacing of the fluorescence bands corrsponded to the sarcomere length (Fig 5 B) . In experiments using the confocal spot technique to measure the kinetics of the Ca> increases from micron diameter spots positioned either at the Z-line or M-line, the largest and fistest increases were shown to occur over the t-uxbules (Escobar et al, 1994) . In these experiments the location of the t-tubules was confmed by staining the muscle fibers with RH-795, a potentiometric dye. Fig. 6 shows the time course in another muscle fiber. For this fiber, the data is displayed as ratio images after fihering with a digital debhuring algorithm (Monck et al., 1992) to obtain a more accurate image of the Ca2+ disttion ithin a sarcomere (Fig. 6) . Below each image are the corresponding intensity profiles though three sarcomeres, which show steeper Ca2+ gradients than suggested by the unprocessed images. The rapid appearnce of the Ca2+ gradient between 2.8 and 3 ms (Fig. 6) microscopy. The two key components of the system are the pulsed coaxial flash-lamp dye laser and the cooled CCD camera. The pulsed laser is used to illuminate the entire field of view. The high intensity of the laser pulse provides sufficient illuimination to obtain a good emission intensity, and the short duration provides a snapshot of the fluorescence from the indicator excited within the pulse length, in this case 350 ns. The duration of the snapshot will also include the lifetime of the excited state of the indicator after the pulse. However, for BAPIA series fluorescent indicators the lifetime is very short (2 ns for Fura-2; Keating and Wensel, 1991) . The slow readout rate of the CCD camera does not affect the time resolution because the CCD only receives photons during the laser pulse (and shortly, thereafter) ; there is negligible background detected during the readout time because of the excellent noise characteristics of the camera. Instead, time courses must be built up by repeating the stimulus with different delays before triggering the laser. Thus, the important requirement for this approach is a physiological response that is highly reproducible.
The experiment in Fig. 6 clearly shows the appearance of 35, 4, 5, 6, 7, 8, 10, 20, 25 , and 40 ms, respedively (marked by arrows in AXS everal other approaches to improve temporal resolution of miexperiments have been made. These range from using conventional video equipment at the maximum possile rate (17 ms e; Takamatsu and Wier, 1990) to usig CCD arrays with reduced spatial resolution or reduced area of interest, and using CCD cameras in fame transfer mode, which has been successful at measring Ca2+ transients in cardiac myocytes with 10 ms temporal resohltion (O'Rourke et al., 1990) . The scanning confocal microscope has been used in line-scan mode to measure Ca2+ gradients in bullfrog sympathetic neurons (Hernandez-Cruz et al., 1990; Nohmi et al., 1992) and rat hippocanpal neurons (Segal and Manor, 1992 A major advantage ofpulsed laser imaging is that temporal resolution is not gained at the expense of spatial resolution. For example, the Ca+ gradients measured in the frog skeletal muscle fibers used a 13 NA. objective, which has a potential maximum spatial resolutin of about 0.2 pm In the curent experments, the images nclude contaminain with out-offocus light, which effectively reduces the spatial resution.
However, digital debhuring techniques can reduce the contamination with out-of-focus light, as shown for chromaffin cells in Fig. 2 and for a muscle fibers in Fig. 6 . Alternatively, because the response to each action potential is highly reproducible, it would be possible to perform optical sectioning on the cells and obtain a three-dimensional data set for reconstuction of a the dimensional image (Agard et al., 1989 , Fay et al., 1989 .
I_ktracmeic Ca2+ gradients in frog skelal muscle
The expeiment shown in Fig. 3 demonstate the measurement of an intaarcomeric C2+ gradient in skeletal muscle and provides frther evidence that the acio potential induced Ca2+ release comes predominantly from the terminal Monket a.
FIGURE 6 Ratio images of n e Ca?-gradients m frog skeleta musde fibes Images were obained from anoer musde fiber and filered with the no-neighbors algorihm to reduce contamination by out-of-focus lighLt Pairs of images were taken 28, 3, 4, 10, ad 15 ms after onset of the depolaizatio The raios were averages of four control-stimulus pairs (5s apart). Below each ratio image is the line mared on the image. To reduce the noise, the profiles were further filtered with a 9 x 9 spatial filter with all elements set to unity.
cisternae of the sarcoplasmic reticulum. Although this hypothesis is supported by experiments showing the autoradiographic distrbution of 'Ca2" (Winegrad, 1970) , the distnrbution of the Ca2" release channels (Franzini-Armstrong, 1975) , and electron-probe microanalysis measurements of the total Ca2" in the terminal cisternae after tetanic stimulation (Somlyo et al., 1981) , direct visualization of intrasarcomeric Ca2+ gradients had not been possible before development of the pulsed laser Ca2" imaging technique shown here. The demonstration that intrasarcomeric Ca2+ gradients form rapidly and last less than 10 ms before the Ca2+ concentration becomes homogeneous within the sarcomere (Fig.5 ) fits reasonably well with a model of Ca2+ release and diffusion within individual sarcomeres where the Ca2+ gradient was predicted to last 10-20 ms (Cannell and Allen 1984) .
The Ca2`gradient in skeletal muscle fibers develops very rapidly. The experiment in Fig. 6 clearly shows a Ca2+ gradient that became apparent between 2.8 and 3 ms. During this 200 ps interval, the Ca2+ increased by about 500 nM. This rapid Ca2+ increase in the muscle fiber is presumably due to the massive release from the terminal cisternae of the sarcoplasmic reticulum, where the Ca2+ current density is estimated at >200 pA IM-2 (FranZini-ArMstrong, 1975) . Although Fig. 5 seems to indicate that the Ca2" concentration also increases rapidly in center of the sarcomere, it is possible the fluorescence increase in the center of the sarcomeres could come from out-of-focus light from underlying t-tubules. As shown in Fig. 6 , there appears to be little increase in Ca2+ between the t-tubules for the first few milliseconds after Ca2+ release when a digital deblurring filter is used to reduce out-of-focus information. However, the signal to noise in this experiment makes it difficult to exclude a small Ca2+ increase at the M line. Experiments using the confocal spot technique to measure high resolution time courses have shown that the Ca" increases rapidly both at the t-tubule and in the center of the sarcomere, with no measurable delay, which suggests that there may also be some Ca" release from the longitudinal cisternae of the sarcoplasmic reticulum (Escobar et al., 1994 (Silver et al., 1990; Regyhr and Tank, 1990; Guthrie et al., 1991; Muller and Connor, 1991) , this is the first report of such highly localized Ca>2 influx in small round cells. One factor responsible for the restriction of the Ca> increase to discrete submembrane domains could be that the Ca2+ channels activated by depolarization are preferentially localized in these regions of the plasma membrane. Clustering of Ca2+ channels has previously been reported in several cell types (Westenbroek et al., 1990; Robitaille et al., 1990) , as well as in the active zones of synaptic terminals and saccular hair cells (Smith and Augustine, 1988; Augustine et al., 1991; Roberts et al., 1990) . Recent studies using microvoltametry have revealed secreting and non-secreting domains on the surface of chromaffin cells (Shroeder et al., 1994) (Sala and HernandezCruz, 1990; Nowycky and Pinter, 1993) . These models predict that the presence of the indicator results in some spreading of the gradient due to diffusion of the Ca2+_ indicator complex, which suggests that, in the absence of the indicator, the gradients might remain even more spatially localized. However, predicting the effects of the indicator is further complicated by the possibility that a substantial fraction of the rhod-2 might be bound, as has been reported for (Konishi et al., 1988) , and that mobile Ca> buffers such as calbindin, a small Ca2`binding protein, are found in some cells (Roberts, 1993) , although chromaffin cells do not have large amounts of endogenous mobile Ca2> buffers (Zhou and Neher, 1993) . Nevertheless, the ability, as descnrbed here, to measure Ca2+ gradients simultaneously at high spatial and temporal resolution in small excitable cells, along with the advent of new membrane anchored Ca2+ indicators (Etter et al., 1994) , offers the opportunity to investigate the interaction between local Ca2`entry and cytosolic buffering, and how these factors interact to regulate exocytosis.
CONCLUSION
Ca2' signaling in millisecond time scales underlies the physiological response to action potentials in excitable cells. We have used pulsed laser Ca2+ imaging to measure the time courses of the development and decay of Ca2+ gradients in chromaffin cells and skeletal muscle fibers. The pulsed laser imaging method was successful because it is not limited by the poor temporal and/or spatial resolution of other imaging techniques. This approach can be readily adapted to study cellular responses to rapid photolysis of caged compounds (Ca2+, IP3, ATP, neurotansmitters) or to the capture of rare and/or transient events.
